Annual-mean tropospheric circulation change in global warming is studied by 2 comparing the response of an atmospheric general circulation model (GCM) to a spatial-3 uniform sea surface temperature (SST) increase (SUSI) with the response of a coupled 4 ocean-atmosphere GCM to increased greenhouse gas concentrations following the A1B 5 scenario. In both simulations, tropospheric warming follows the moist adiabat in the 6 tropics, and static stability increases globally in response to SST warming. A diagnostic 7 framework is developed based on a linear baroclinic model (LBM) of the atmosphere. 8
Introduction 1
Large-scale atmospheric circulation is important for moisture and energy transport, 2 precipitation, tropical cyclone (TC) development, and ocean/land-atmosphere interactions. 3
In the tropics, where the synoptic eddy effects are weak, tropospheric circulation is 4 primarily generated by the uneven distribution of diabatic heating/cooling, e.g., 5
convective latent heating in convergence zones. Climatologically, these forcing terms are 6 nearly in balance with vertical advection (e.g., Rodwell and Hoskins 1996) . In global 7
warming, vertical advection and diabatic forcing would change, and large-scale 8 circulation has to alter accordingly to regain the thermodynamic balance. change of the Hadley circulation, however, is not as robust as of the Walker cell ( Vecchi 23 scales are set to be 20 days in most of the free troposphere, but 0.5 and 1 day for the three 1 lowest (σ > 0.9) and two upper-most (σ < 0.03) levels, respectively. 2 LBM is widely used to study atmospheric variability, but its utility for global 3 warming research has not been investigated. We adapt the LBM for the latter purpose by 4 a reformulation that accounts for the effect of global increase in static stability (Fig. 2) . 5 6
Diagnostic framework with LBM 7 a. LBM for global warming studies 8
LBM is a powerful tool to relate circulation change to the geographical distribution of 9 diabatic heating. In this section, we develop a diagnostic framework that employs the 10 LBM with necessary modifications, to identify robust dynamical balance and simulate effect of the global mean warming on pattern formation, it represents the mean advection 10 of stratification change (MASC). It is part of atmospheric response in full GCMs. The 11 MASC effect is important for circulation change, as illustrated in Fig. 3 and the following 12
sections. 13
Figures 3a-f show the relative importance of Eq. (3) terms in the GFDL models. For 14 SUSI, the terms representing warming patterns (Fig. 3c) , SH*, and Q R * (Fig. 3e) are 15 negligible and the circulation change (Fig. 3c) is largely in balance with the MASC and 16 LH* (Fig. 3a) . For A1B, the Q R * effect is also significant (Fig. 3f) . It features maxima in 17 the western equatorial Pacific and the Tibetan Plateau, resembling the LH* patterns (r = 18 0.64). Our LBM experiment (not shown) indicates that the Q R * effects are similar to the 19 LH* on changes of temperature, wind shear, Walker and Hadley circulation, albeit much 20 weaker. Actually, the Q R * is dominated by the LW C * (r = 0.88, Fig. 3f By imposing MASC and LH* diagnosed from the GCM output, LBM solves for both 10 temperature patterns and circulation change including vertical motion. 11
b. MASC mechanism 12
Model simulations suggest that tropical tropospheric warming follows the moist 13 adiabat in the vertical (Fig. 2) The meridional structure of tropospheric warming in Fig. 2 suggests the importance 1 of the MASC effect. In the mid-troposphere (e.g. 600 hPa) in the subtropics (20-30), 2 the enhanced warming is anchored by the climatological subsidence, while the reduced 3 warming over the equator by the mean upward motion. This feature is quite robust among 4 CMIP3 models (see Fig. S2 of Lu et al. 2007 ). Similar collocations of minimum in mid-5 tropospheric warming with convection and maximum with subsidence centers can also be 6 found in Fig. 1 . Correlations between the annual mean warming patterns and 7 climatological pressure velocity are 0.38 (Table 1 ). This correlation is moderate since the 8 LH* also affects the tropospheric warming patterns. 9
c. Forcing distributions 10
Besides LH*, MASC is a major forcing mechanism for circulation response to global 11 warming in the LBM (Eq. 4). Here we discuss the annual-mean tropical distributions of 12 both terms in SUSI (Fig. 3a) and A1B (Fig. 3b) runs. The MASC follows the patterns of 13 climatological vertical motion, which is similar but slightly different between the two 14 runs, due to SST biases of the coupled model (A1B) compared to observations (SUSI), 15 e.g., the double ITCZ bias (de Szoeke and Xie 2008). In both SUSI and A1B, T* features 16 negative centers in the Indo-Pacific warm pool that extend to the ITCZ and SPCZ, and 17 positive centers over subsidence regions (Fig. 1) . 18
The LH* distributions resemble the precipitation patterns and are quite different 19 between the SUSI and A1B, due to SST patterns in A1B ). In the SUSI 20 case, it is roughly opposite to the MASC (r = -0.39). This is not coincident since the 21 LH* SUSI warms the convective region, representing the "wet-get-wetter" pattern of The equatorial forcing (Figs. 3g, h) is important for the Walker circulation change. 8
Both the MASC and LH* SUSI (Fig. 3g) weaken the Pacific Walker cell, the latter due to 9 the above-mentioned "upped-ante" mechanism. However, LH* A1B (Fig. 3h ) tends to 10 accelerate the circulation, especially in the eastern Pacific, with a maximum effect at 11
140°W. 12
The zonal mean forcing is important for the Hadley circulation changes. The MASC 13 tends to weaken the Hadley circulation ( (Fig. 3j) is strongly influenced by SST patterns, especially the equatorial 18 warming peak and the inter-hemispheric asymmetry with a greater SST increase north 19 than south of the equator. LH* A1B has a negative correlation (r = -0.55) with the MASC 20 effect, but it is weaker than LH* SUSI . 21
d. Experimental designs 22
In Eq. (4), MASC and LH* are prescribed in the LBM as follows. comparison between models developed at GFDL and National Center of Atmospheric 8
Research (NCAR). 9
We linearize the LBM around the annual mean climatology of AM2.1 during 1983-91 10 for the SUSI-related experiments, and that of CM2.1 during 1996-2005 for the A1B ones. 11
We integrate the model for 60 days to equilibrium. Since the LBM does not represent the 12 synoptic eddy-mean flow interaction properly, we restrict the thermodynamic forcing in 13 40°S-40°N. 14 15
General survey of tropospheric temperature and wind shear changes 16
This section presents the LBM response to individual and combined forcing factors in 17
Eqs. (5, 6) and compares the results with the GCMs. Besides the tropospheric warming 18 patterns, the vertical wind shear changes are examined in both vector and magnitude of 19 absolute zonal wind shear (|U 300 -U 850 |) change. 20 Figure 4 shows the results for the SUSI run. As one expects, the MASC (Fig. 4a)  21 cools the deep tropics, especially the tropical Pacific, while it warms the subtropical 22 subsidence regions. The MASC response is generally symmetric about the equator. 23
Consistent with the thermal-wind relation, the tropical tropospheric wind shear is reduced 1 almost everywhere. By contrast, LH* SUSI (Fig. 4b) (Table 3) . 6
In the central and eastern equatorial Pacific, however, LH* SUSI reduces the wind shear, 7 apparently due to the "upped-ante" cooling to the west of the climatological equatorial 8 cold tongue (Fig. 3a) . LBM simulations forced by observed diabatic heating have been 9 very successful in capturing circulation change associated with natural variability such as 10 ENSO. If one was to do the same for global warming as in the SUSI run, he/she would be 11 surprised that the simulated circulation change is almost opposite to the GCM results. 12
This illustrates the importance of MASC. 13
The combined MASC and LH* SUSI response (Fig. 4c) related to eddy effects. The peaks of subtropical warming by LH* SUSI (Fig. 4b) are 20 slightly shifted to lower latitudes than in AM2.1 (Fig. 4d) , and the MASC (Fig. 4a) helps 21 to adjust them to the right positions (Fig. 4c) . The cooling over the Tibetan Plateau is due (Fig. 4b) and from MASC effect in the subtropics (Fig. 4a) . 3
The zonal means better illustrate the importance of MASC. The MASC and LH* SUSI 4 effects (Fig. 4e) are both symmetric about the equator, and oppose each other (r = -0.85). 5
Their combined (MASC+LH* SUSI ) effect follows the MASC response, and resembles the 6 AM2.1 results (r = 0.53) to the north of 20°S. For the wind shear change (Fig. 4f) , the 7 MASC effect again opposes the LH* SUSI effect, with r = -0.66 (Table 3) . Primarily 8 following the shape of MASC, the total effect weakens the tropical wind shear, 9 resembling the AM2.1 results (r = 0.69). It is noteworthy that the MASC effects flip sign 10 at around 30°S and 30°N (Fig. 4f) , where the climatological wind shear/meridional 11 temperature gradients are strongest. This is equivalent to a poleward shift of the jet 12 is weak in zonal mean (Fig. 5e ) but reinforces the MASC (Fig. 4e) , with r = 0.62. The 19 SST patterns have a significant influence on the inter-hemispheric asymmetry of 20 tropospheric warming (Figs. 5b, e) . The SST patterns enhance wind shear in the eastern 21 equatorial Pacific, South Pacific, and South Atlantic, but reduce it in the eastern tropical 22
Indian Ocean, western equatorial Pacific, tropical North Pacific, and tropical North 23 Atlantic (Figs. 5c, d, e) . The LBM response to SST patterns is too strong compared to the 1 wind shear change in CM2.1 (Fig. 5d) . 2
The comparison of LBM results with CM2.1 is greatly improved (Table 3) from 3 MASC+LH* SUSI (Fig. 4c) to MASC+LH* A1B (Fig. 5c) . The reduction in wind shear over 4 the tropical Indian Ocean is a major difference between SUSI (Figs. 1a and 4d ) and A1B 5 (Figs. 1b and 5d ), due to both RAD and SST effects. Likewise the increased wind shear 6 in the eastern tropical North Pacific is due to the SST patterns. The MASC effect is most 7 pronounced in the Northern Hemisphere, helping maintain the cooling in the deep tropics 8 and the associated wind shear reduction in the North Pacific (Figs. 4c, e and 5b, c, e). The 9 combined MASC+LH* A1B effect increases the correlation with CM2.1 by 0.2 compared 10 to the LH* A1B effect. 11
The MASC effect is much weaker than LH in interannual variability of the 12
atmosphere, but the above analyses show that it is important in global warming. 
9
The MASC (Fig. 6a) tends to reduce the divergence/upward motion over the Indo-10 Pacific warm pool, by its adiabatic cooling effect illustrated in Fig. 3 . By contrast, 11 LH* SUSI (Fig. 6b) induces divergence over the eastern Pacific, due to the heating peak 12 there (Fig. 3a) , and weak convergence at 170°E (Fig. 6i) , due to the "upped-ante" 13 mechanism. Even without any SST gradient, the MASC and LH* SUSI act together to slow 14 down the Walker circulation over the vast area of the Pacific (Figs. 6e, f) . High spatial 15 correlation (r = 0.78, Table 4 ) appears between MASC+LH* SUSI and AM2.1.  on the 16 equator (Fig. 6i) For changes in A1B, the RAD slightly strengthens the Walker circulation (Figs. 6c, j) . 22
The peak of SST warming in the mid-equatorial Pacific (Fig. 3b) , contribute to a 23 divergence center at 175°E in the central Pacific (Fig. 6d, j) , reducing the Walker 1 circulation over the western Pacific but accelerating it in the eastern basin. Primarily 2 maintained by the MASC, the zonal wind reduction of MASC+LH* A1B extends to 140°W 3 (Fig. 6g, j) and is almost identical to CM2.1 (Fig. 6h, j) , with very high spatial correlation 4 (0.94) especially on the equator (0.97). 5
Thus, the MASC is very important for the weakening of the Walker circulation, even 6 more so in the A1B simulation. It has essential effect over the west-to-mid equatorial 7
Pacific. The SST contribution to  is strong over the entire Pacific, but its accelerating 
b. Hadley circulation 14
We investigate mechanisms for Hadley circulation change, which is represented by 15 the zonal-integrated meridional mass stream function (, Fig. 7) , and by the zonal mean 16 250 hPa  (Figs. 6k, l) . (Figs. 7e and 6k ) and AM2.1 (Figs. 7f and 6k) . Thus, the MASC 1 is the major driver for the Hadley circulation reduction in the AM2.1 SUSI experiment. 2
Although the LH* SUSI effect is weak here, its sign is always opposite to the MASC. 3
In response to GHG increase, the RAD effect causes a weak reduction in the Hadley 4 cell in the Northern Hemisphere (Figs. 7c and 6l) , with the same sign as the MASC. The 5 SST patterns (specifically the equatorial peak, Fig. 3b ) induce an anomalous cell on either 6 side of the equator (Fig. 7d) , with a meridional scale of the equatorial Rossby radius of Hemisphere (Fig. 3b) , the Northern SST-induced equatorial cell is weak, especially above 11 500 hPa, and the Hadley cell is reduced in the Northern off-equatorial region. As a result, 12 only the southern cell intensification is visible in the upper troposphere (Fig. 6l) . 13
The total effect of the four factors (MASC+LH* A1B , Fig. 7g ) explains the CM2.1 14 changes (Fig. 7h) the CM A1B, which is apparently an outlier among the CMIP3 models, the meridional 9 variation in ensemble mean SST change affects the ensemble mean  change, dragging it 10 from AM SUSI-like toward CM A1B-like patterns. 11
We examine the relationship between the SST patterns and Hadley cell strength 12 change among the CMIP3 models by performing two sets of inter-model SVD analysis. 13
One is between the zonal mean SST and the 500 hPa , and the other is between the 14 zonal mean precipitation (representing LH) and the 500 hPa . Specifically, a 15 conventional SVD analysis is applied to 23 pairs of the variables simulated by the 23 16 CMPI3 models. Since the primary modes of  are nearly identical in the two analyses, 17 their mean is presented in Fig. 9 . 18
The first SVD mode (Fig. 9a) The above analyses show that the MASC is a fundamental mechanism for the slow 9 down of both the Walker and Hadley circulations even without any SST gradient change 10 (SUSI). For the Hadley cell, it is the only weakening mechanism. Since the meridional 11 variations of SST warming in CM2.1 is among the strongest of the CMIP3 models, 12 especially between the equator and the Southern Hemisphere, they dominate the southern 13
Hadley cell change. The Northern Hadley cell decelerates mostly due to the MASC. 14 15
Conclusions and discussion 16
Based on a series of LBM simulations, this study shows that the MASC mechanism is 17 crucial in weakening the tropical atmospheric circulation (including the Walker, Hadley 18 cells and vertical shear) and reducing the meridional temperature gradients of the tropical 19 troposphere. The MASC effect arises from adiabatic cooling/heating due to the vertical 20 advection by climatological upward/downward motion on a background of global 21 increase in static stability. MASC is an important mechanism for circulation adjustment 22 to global warming. 23 We have developed a diagnostic framework that employs the LBM to understand the 1 tropospheric circulation change in global warming by decomposing thermodynamic 2 forcing (TF) on the right hand sides of Eqs. (5) and (6) horizontal-uniform increase of tropospheric temperature. The MASC is important in 7 tropical circulation adjustment, comparable in magnitude to the LH* SUSI and SST pattern 8 effects, while the RAD effect is much weaker. In interannual variability, the ratio of 9 tropical mean/standard deviation for SST anomaly drops to ~1/7 (see Introduction), and 10 the MASC and LH* SUSI effects become much weaker than the SST pattern effect, and the 11 effect of SST pattern-induced LH dominates the tropical circulation anomalies. This is a 12 fundamental distinction between interannual variability and global warming. 13
In response to a uniform SST increase without any gradient, the Walker circulation 14 weakens due to both the MASC and LH* SUSI effects in the western and eastern Pacific, 15
respectively. The SST patterns in CM2.1 significantly reduce the Walker circulation in 16 the western Pacific but accelerate it in the eastern basin. Because the MASC effect is 17 strong over a vast area of the equatorial Pacific, the Walker circulation slow down is 18 robust among the CMIP3 models under the A1B scenario. 19
In response to a uniform SST warming, the Hadley circulation slow down due to the 20 MASC effect. In the A1B simulation with CM2.1, however, the slow down is limited to 21 the Northern Hemispheric cell while the Southern cell accelerates. Our LBM results show 22 that this asymmetric response is due to SST patterns, specifically an inter-hemispheric 23 asymmetry with greater SST warming in the Northern than the Southern Hemisphere. 1
The Hadley circulation change varies among the CMIP3 models, and our results suggest 2 that this inter-model uncertainty is due to the opposing effects of MASC/LH* SUSI and 3 SST patterns in the Southern Hemisphere. The meridional variations of SST warming in 4 CM2.1 are among the strongest of the CMIP3 models. In some coupled models with 5 weak SST patterns, e.g. the CCCMA CGCM3.1 T63, GISS AOM, MIROC3.2 Hires, and 6 MRI CGCM2.3 (not shown), the MASC effect to slow down the Hadley circulation in 7 both hemispheres can be stronger than the SST pattern effect, resulting in a weakened 8
Hadley circulation in both hemispheres (Fig. 8) . and zonal means (i, j) in SUSI and A1B runs. In (c) and (d), T* and CC denote the warming patterns and circulation change terms, respectively. In (f), SH* is unavailable in CM2.1 output, so instead, LW C * is plotted to show the relation between Q R * and LH*. In (h), (j), and hereinafter, LH* represents the combined effect of LH* and Q R * in A1B run.
In (g)-(j), Sum means the summation of MASC, LH* and CC to show their approximate balance (Eq. 4).
10 show the mean velocity potential for reference.
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